Electrical impedance measurements have been widely researched to monitor physiological changes in fruits and vegetables in a nondestructive manner. Recently, the parameters of the Cole bioimpedance model (R 0 , R 1 , C, and α), an equivalent circuit that is widely used to represent the electrical impedance of biological tissues, were extracted using techniques without direct impedance measurements. In this study, the variability of the Cole parameters extracted from magnitude-only measurements (from 200 Hz to 1 MHz) of apples in a twoelectrode setup was examined to understand the impact of electrode placement on the parameters evaluated using this technique. Eight electrodes were placed around the center latitudinal line of apples to collect seven sets of measurements from four different varieties (Granny Smith, Fuji, Red Delicious, and Spartan). The Cole impedance parameters were extracted in MATLAB from the collected measurements using a nonlinear least squares fitting method. These extractions indicated that the parameters R 0 and R 1 had the highest variability based on the electrode location, whereas the dispersion coefficient (α) had the lowest variability.
Introduction
Nondestructive methods, including ultrasonic spectroscopy [1] and visible/near infrared spectroscopy, [2] have previously been investigated to estimate the properties of fruits, vegetables, and other food products.
Another technique used to monitor physiological changes in biological tissues is impedance spectroscopy, which quantifies the resistance of a material to an injected electrical stimulus. [3] These measurements have recently been investigated to monitor fruits and vegetables in a nondestructive manner [4] for various applications, such as quantifying damage to apples; [5] determining drying and freezing/thawing effects on eggplant samples; [6] measuring durian dry matter content to classify maturity; [7] monitoring pressureinduced changes of carrots, potatoes, and red radishes [8] ; detecting the nitrogen status of lettuce; [9] characterizing the cell vitality loss of Shiraz berries during ripening; [10] assessing the storage shelf life of refrigerated squid; [11] classifying mangosteen flesh translucency [12] ; investigating the impact of air drying on the dehydrofreezing of carrots [13] ; and measuring strawberry ripeness. [14] In applications that monitor the electrical impedance of tissues, the two analysis techniques most widely used are the following: (1) evaluating changes in electrical impedance at discrete frequencies (either singular or multiple frequencies) collected at different times and (2) evaluating changes in the parameters of an equivalent electrical circuit that represents the full electrical impedance datasets collected at different times.
When applying the equivalent electrical circuit method, components with a fractional-order impedance have been widely used in various models. [15] These fractional-order components can be broadly defined with an impedance Z F = Fs α , where F is the fractance and α is the order, with s α = (jω) α = ω α [cos(απ/2) + jsin (απ/2)]. The introduction of α represents the import of concepts from fractional calculus, [16, 17] the branch of mathematics concerning noninteger differentiation and integration, into electrical circuit theory. When applying fractional calculus to electrical circuit theory, the traditional elements (capacitors, resistors, and inductors) are viewed as special cases of the general fractance with a fixed order (α = −1, 0, 1, respectively). In biology, another special case referred to as a constant phase element (CPE) is widely used. This element has an impedance Z CPE = 1/s α C, where C is a pseudo-capacitance with units F s α−1
. These devices have also been called fractional-order capacitors, in reference to their order (α), which takes a value between the traditional circuit elements of a resistor and capacitor. It is for this reason that a capacitor is used as the schematic representation of CPEs in this work. A CPE is often used as a component in a simple circuit model to represent the impedance of biological tissues. This model, given in Fig. 1a , is known as the Cole impedance model or often the Cole bioimpedance model, with an impedance given by
This model is composed of three hypothetical circuit elements, resistors R 0 and R 1 and a CPE (C, α). The Cole impedance model is widely used due to its simplicity and good fit with measured data, illustrating the behavior of impedance as a function of frequency. The studies presented in Refs. [18, 19] have shown that large three-dimensional resistor/capacitor (RC) networks are well represented by fractional-order models, supporting the use of (1) to represent the behavior of biological tissues, which can be viewed as complex 3D structures of cells, each with their own resistance and capacitance that are based on intercellular, intracellular, and cellular membrane properties. The circuit parameters that represent the impedance of a biological tissue are typically determined using direct impedance measurements, which require both the magnitude and phase of the fruit or vegetable to be measured. However, previous works have investigated the extraction of these parameters without direct impedance measurements using only the magnitude response [20, 21] or step response [22] to reduce the hardware complexity and determine the impedance by eliminating the requirement of measuring the phase response (for magnitude methods) or generating sinusoidal test signals (for time-domain methods). However, although these previous methods have verified the accuracy of using the magnitude response to extract the circuit parameters, [20, 21] no studies have explored the variability of parameters extracted from the same fruit using different electrode positions. Understanding this impact will be an important consideration for applications in which measurements collected at different times may have different electrode locations as a result of transport processes as well as for comparing the results from studies with different electrode locations. Understanding the impact of electrode position will also provide reference ranges for the minimum level of change required to assess whether physiological changes (such as ripening, bruising, or infection) are captured by changes in the extracted parameters or are artifacts of variability in electrode location. This study examined the variability of Cole impedance parameters (R 0 , R 1 , C, and α) extracted using an indirect, magnitude-only measurement technique with varying electrode locations in a two-electrode configuration. The remainder of this article is organized as follows. Introduction section introduces the Cole impedance model and its applications, with the circuit theory, experimental setup, and nonlinear least squares fitting (NLSF) process for parameter extraction described in Materials and methods section. The NLSF process is applied to the experimental data collected from 20 apples of 4 different varieties using 7 electrode pairs with the extracted parameters presented in Result section. The article closes with a discussion of these results and outlines future research in Discussion section.
Materials and methods
The Cole impedance model has previously been used as a component in a filter [20] and integrator circuit topology [23] for measuring the resulting magnitude response. From these collected magnitude responses, the Cole impedance parameters (R 0 , R 1 , C, and α) were numerically calculated from direct measurements [20, 23] or by using a NLSF routine. [24] Here, a similar approach is applied to collect the magnitude response when an apple is used as the Cole impedance in a simple filter circuit, shown in Fig. 1b . In this figure, v in is the sinusoidal input voltage and v o is the corresponding output voltage across the load resistor R L . The transfer function of this circuit is given by
with the magnitude response of Eq. (2) expressed as
where
). There are three distinct regions based on the magnitude response given by Eq. (3): (1) when the CPE is approximated as an open circuit (Z CPE ≈ ∞) at low frequencies close to DC, the response is constant, yielding a magnitude of |H(ω ≈ 0)|= R L /(R 0 + R 1 + R L ); (2) an increasing-magnitude region resulting from the decrease in CPE impedance; and (3) when the CPE behaves as a short circuit (Z CPE ≈ 0) at high frequencies, the response is again a constant value with magnitude |H(ω≈∞)|= R L /(R 0 + R L ). This overall response can be considered as a high-pass type filter, with its greatest attenuation at low frequencies and its minimum attenuation at high frequencies.
Measurement system
The magnitude response of each apple in this study was collected using the test setup given in Fig. 2 . In this setup, the apple was used as the Cole impedance in Fig. 1b with a load resistor R L = 992 Ω. The sinusoidal input and output voltages were generated and measured, respectively, using an Agilent 4395A network analyzer configured to collect the transmission (B/R) measurements.
For simplicity, 22 AWG solid copper wire was used as the electrodes to interface each apple with the measurement circuit, with each wire inserted to a depth of 10 mm. Measurements were collected using seven electrode arrangements, with the top and side views of the electrode-insertion locations shown in Fig. 3 . For each measurement, only two electrodes were inserted into the sample being tested, with the input signal applied to locations labeled "Electrode 1," "Electrode 2," . . . "Electrode 7" and measured at the "reference electrode" location. The dotted line in the side view of Fig. 3 corresponds to the latitudinal position around each apple at which the electrodes were placed. For these measurements, it was assumed that the damage to the tissue resulting from the insertion of the electrode had a negligible impact on the collected data. A two-electrode setup was selected over a four-electrode configuration to simplify the test circuit and explore the variability in the test system that could be implemented most easily. Experimental test setup to collect magnitude response using Agilent 4395A network analyzer when an apple is used as a component in a simple filter circuit.
Reference Electrode
Top View Side View Magnitude responses were collected from four varieties of apples (Granny Smith, Fuji, Red Delicious, and Spartan), with examples of each type shown in Figs. 4a-4d. Each variety possesses different shapes, flavors, and textures and could potentially have different variabilities based on physiological differences. The electrical impedance of apples has previously been investigated to determine the relationships between the major parameters that contribute to taste [25] and for quality assessment to detect bruising [5] . However, neither study explored the variability in impedance based on electrode location, and both used a four-electrode measurement method.
Each variety of apples for this study was selected because of its widespread availability in Canadian supermarkets and was purchased from a local grocer in Calgary, Canada. These apples were all selected to be similar in size, with no visible bruising or breaks in the surface. Before collecting any measurements, the apples were placed in the laboratory for 24 h at a temperature of approximately 23°C.
Results
The collected magnitude responses from 200 Hz to 1 MHz when R L = 992 Ω for one Granny Smith apple, one Fuji apple, one Red Delicious apple, and one Spartan apple are shown in Figs. 5a-5d, respectively. Each figure has seven sets of data labeled electrode 1-7 corresponding to the dataset using that electrode and the reference electrode, as detailed in Fig. 3 . Each dataset displays the characteristics predicted by Eq. (3), with 
Nonlinear least squares extraction
Although multiple techniques are available to extract the Cole impedance parameters, [26, 27] the NLSF numerical method described in Ref. [28] was used in this work. This method was applied to extract the single-dispersion Cole impedance parameters (R 0 , R 1 , C, α) that describe the data in Fig. 5 , as opposed to the double-dispersion parameters from Ref. [28] This routine attempted to find the impedance parameters that ideally reduced the least squares error (LSE) between a simulated response using Eq. (3) and the experimental data to zero but realistically reduces it to the level of noise within the dataset. This process to minimize the LSE is described as
where x is the set of impedance parameters (R 0 , R 1 , C, α) to minimize f 0 (x), |H(x,ω j )|is the magnitude response given by Eq. (3) at frequency ω j , y j is the measured magnitude response at frequency ω j , and n is the total number of measured data points. The constraints (x > 0) were added to the problem because negative resistances and capacitances are not physically possible, and a negative α would indicate fractional-order-inductive characteristics, which were not considered in this study. This NLSF was implemented in MATLAB using the lsqcurvefit function configured to terminate searching when any of the following conditions was satisfied: (1) the number of function evaluations exceeded 5000; (2) the Magnitude (dB)
Magnitude (dB) number of iterations of the algorithm exceeded 5000; (3) the change in the value of x was less than 10 . First, the lsqcurvefit implementation of this NLSF required an initial iterate, x 0 , be supplied to begin the search, then iteratively solving from x 0 toward the unknown solution x*. After quitting due to meeting any of the ending criteria, the solver returns a possible solution. However, many local minima may exist that satisfy the ending criteria without being the true global solution for this problem. Therefore, the solver has the potential to return solutions that are not the true impedance parameters. One method to overcome this problem requires executing the solver multiple times using a different initial iterate on each execution [28] . The intent is to generate an initial starting condition that is highly similar to the global solution such that the solver returns the global solution when the ending criteria are met, avoiding any local minimum. Therefore, solving Eq. (4) from each x 0 and selecting the solution that yields the lowest LSE increases the likelihood of finding the global solution. For the analysis in this study, the solver was applied 20 times to each dataset with a new initial condition generated for each execution. These initial conditions were randomly generated using the rand function in MATLAB within the ranges 0.1 Ω < R 0,1 < 10 kΩ, 10 µF < C < 0.1 F, and 0 < α < 1. After the 20 executions, the parameter set with the lowest LSE was selected as the solution set (x*). Although multiple search algorithms exist for NLSF, the available options for the lsqcurvefit function in MATLAB are the "levenberg-marquardt" and "trust-region-reflective" algorithms.
The "trust-region-reflective" was selected here because it is the only algorithm that supports the use of constraints (previously described), although future works could explore the application of different algorithms to improve the speed and efficiency of this NLSF. The accuracy of this implementation and the impact of the level of noise, frequency range, optimization settings, and data points have been discussed in Ref. [29] . The impedance parameters extracted using the NLSF process applied to data collected from each electrode pair are given in Table 1 for the Granny Smith, Fuji, Red Delicious, and Spartan apples. This table also provides the LSE, calculated as
where |H(x,ω j )|is the MATLAB simulation of Eq. (3) using the extracted parameters (R 0 , R 1 , C, and α), and y is the experimental magnitude response dataset. The MATLAB simulations using the extracted parameters show excellent agreement with the experimental results. As an example, the experimental Red Delicious electrode 1 data and MATLAB simulation of Eq. (3) using the extracted parameters are given in Fig. 6 as a solid line and gray circles, respectively. The errors between the MATLAB-simulated responses using the extracted parameters and the experimental data for each electrode pair are shown in Figs. 7a-7d for Granny Smith, Fuji, Red Delicious, and Spartan apples, respectively. The average error of each electrode pair is less than 0.3% for all apples, with maximum errors less than 3%; an exception is "electrode 2" for the Red Delicious apples, which has a maximum error of 7.5% at 1 MHz. These results suggest that the Cole impedance model provides an accurate representation of the apples' impedance over this frequency range. The ranges of values for each parameter in Table 1 , that is, the difference between the maximum and minimum values, are as follows for the Granny Smith, Fuji, Red Delicious, and Spartan apples: (1) 150, 359, 363, and 170 Ω for R 0 ; (2) 2001, 5152, 5110 and 2774 Ω for R 1 ; (3) 6.08, 7.27, 4.4, and 4.02 nF for C; and (4) 0.0141, 0.0099, 0.0108, and 0.0039 for α. These ranges are all within the same order of magnitude for each apple and are expected to be a result of the electrode locations and not physiological changes occurring within the apple tissues, as less than 5 min was required to collect all seven sets of measurements for each apple. The following general trends are observed from the extracted parameters in Table 1 : (1) both R 0 and R 1 increase in value with increasing distance between the measurement electrodes; (2) C decreases in value with increasing distance between the measurement electrodes; and (3) α shows the least change due to the location of the measurement electrodes.
Both R 0 and R 1 are typically maximum for the measurements collected between electrode 3, 4, or 5 and the reference electrode, whereas C is typically minimum for these measurements. These pairings have the greatest physical separation from the reference electrode and the most tissue between them, which could account for the increased resistance. To explore the parameter variability from multiple samples of each type of apple, the Cole impedance parameters were extracted from magnitude datasets of Table 1 . LSE and circuit models parameters determined applying NLSF to magnitude responses of Granny Smith, Fuji, Red Delicious, and Spartan apple. .
Frequency (Hz) four additional apples of each type. This yielded a total of 35 extracted parameter sets for each variety of apple (7 measurements from each apple using the previously described electrode configurations), with a total of 140 parameter sets for this study. To visualize these full datasets, boxplots of all the extracted parameters are given in Figs. 8a-8d for R 0 , R 1 , C, and α, respectively. For this plot, the midline in each box represents the median value, and the top and bottom of each box are the 25th and 75th percentiles of the samples, respectively. The whiskers are drawn to the ends of the interquartile results, the outliers are shown as + symbols, and the notches display the variability of the median between samples. Box plots whose notches do not overlap have different medians at the 5% significance level. Figure 8 indicates that although the parameters for each type of apple fall within the same order of magnitude, there is a wide range of variability. The most extreme cases of this variability can be seen in Figs. 8c and 8d , where the range of values for the Spartan apples is significantly smaller than those for each of the other data types. The range of α for the Spartan measurements is 0.016, nearly half of the ranges of the other varieties (0.0318, 0.0270, and 0.0345 for Granny Smith, Fuji and Red Delicious, respectively). Therefore, the electrode position has a smaller impact on C and α for this type of apple compared to the other varieties, although further study is necessary to determine the cause of the different variabilities for each type of apple.
A comparison of the parameters extracted from all 20 apple samples illustrates that the previously identified trends for R 0 , R 1 , and C from the single apple parameters given in Table 1 are also present in this larger sample, with the largest resistances occurring for the electrode 3, 4, or 5 measurements in 15/20 and 20/20 sets of measurements for R 0 and R 1 , respectively. The value of C is the lowest extracted from the data using these same electrode pairings in 14/20 sets of measurements. For a further comparison, the coefficient of variation (in %) for each parameter (R 0 , R 1 , C, and α) is presented in Table 2 , calculated as where σ and µ are the mean and standard deviation, respectively, of the impedance parameters from each electrode extraction. These means and standard deviations are also given in Table 2 for reference. The coefficient of variation is used here to compare the variability of each parameter, as their widely different mean and standard deviations make a direct comparison difficult. Although the standard deviation for R 1 is the largest for each of the variables, the CV for R 0 , R 1 , and C are all within the same order of magnitude. That is, they show similar variations in the range of values based on the different electrode locations. Interestingly, α has the lowest CV, indicating that electrode location has the smallest impact on α when using this collection and extraction method.
Discussion
The magnitude responses in Fig. 5 and the extracted parameters in Table 1 illustrate that electrode location has a significant impact on the extracted impedance parameters using the two-electrode measurement setup with magnitude-only measurements. Parameters R 0 , R 1 , and C exhibit the most significant level of variation for all tested apple samples. The results presented in Ref. [30] also support the notion that the variation in parameters is a result of only the electrode locations, where the selection of points for measurement has a significant impact on the impedance in three-dimensional fractional-order networks. However, further study is required to model an apple or other biological fruit as a 3D network of RC cells to compare the simulated impedance to experimental results before a final conclusion can be made as to whether electrode location is the most significant factor impacting the variations. The results of this study demonstrate that for situations in which the electrode location cannot be controlled, the change in impedance parameters should exceed the CV levels determined here to increase the confidence in the interpretation that these changes are truly an indicator of physiological change. Future studies should determine the variability of measurements collected with a four-electrode versus two-electrode arrangement, the variability of different measurement techniques (direct impedance, magnitude/phase only, time-domain), and the variability introduced by the extraction technique applied to identical datasets. This is important for determining the trade-offs between different measurement techniques and balancing the requirements for sample placement, precision circuitry, and signal processing that will be required to implement in a commercial method. Another avenue for monitoring physiological changes with these parameters involves combinations of the parameters as opposed to using them individually. Combinations may exhibit lower variabilities if the parameters experience similar changes based on the electrode location, making them more suitable than R 0 , R 1 , C, or α independently. Two possibilities for monitoring the parameters are the ratio of resistor values (R 1 /R 0 ) and the time constant (τ = (CR 1 )
(1/α) ), originally presented in Ref. [19] . The mean, standard deviation, and CV for each of these combinations using the extracted impedance parameters for each electrode dataset are given in Table 3 .
The ratio R 1 /R 0 shows a slight improvement over the variabilities of the individual R 1 and R 0 values. However, the time constant, τ, shows the most improvement, suggesting that using a combination of the extracted parameters may be more suitable for monitoring than the individual values of other fruits and vegetables. This combination may be a better choice to assess the overall quality of a fruit, as each of the extracted circuit parameters could change as a result of different physiological processes, with the water content potentially impacting the resistance values and the cell membrane integrity impacting the capacitance. Therefore, τ could represent a better single figure of merit to investigate. The CV values in Tables 2 and 3 indicate the parameters or combinations least impacted by electrode position are α, τ, and R 1 /R 0 (in that order). The parameter with the least variability based on the electrode location is the order, α, with relative changes of 0.5-1.8%. Therefore, α would make the best candidate to investigate for correlations to physiological changes in applications in which electrode location may be difficult to maintain for measurements taken over time. Although R 0 , R 1 , and C remain candidates for investigating correlations to physiological changes, their variabilities, which exceed 10%, necessitate further efforts to eliminate electrode position as their possible source of change. ; n = kilo, the SI prefixes for 10 3 . 
